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Individual particle analysis using a
flow cytometer (FCM) was made on natural phytoplankton communities in oligotrophic waters. Our objective was to
develop an assay to yield information on
the nutrient history of individual cells using FCM. Results from nutrient assays
showed that both biovolume and total
red fluorescence are affected by the nutrient conditions in the incubator. The
light effect was measured by changes in
the chlorophyll content of the cells, and
after the 12 h incubation the cells seemed
well adapted to the light conditions. The
estimated kinetic constant for the chloroh-l,
phyll synthesis averaged 1.5 x
whereas the growth rate calculated from
the changes in the cell numbers changed

Measurements of the assimilation of 14C and 15Nprovided tools to study the dynamics of total aquatic systems, but the taxa-to-taxa aspects of the phytoplankton
community were unapproachable. It is possible to assign the dynamics to size class by using filters, screens,
or nets of different pore sizes; however, such treatments can introduce a loss of accuracy by causing cell
breakage. The retention of some cells on the filters is
also a potential source of error (111,and it is impossible
to obtain a quantitative separation between autotroph
and heterotroph or between groups of species and detritus (17).
In the early 1980s flow cytometry (FCM) was introduced into oceanographic research (29). This technology, in contrast to the Coulter particle counter,
exploited the fluorescence characteristics of phytoplankton. In FCM, the particles are illuminated by a n
intense light source, and autofluorescence and/or fluorescence emitted by pigment-stain association are detected by photomultiplier tubes. Some flow cytometers
also measure cell volume (as in the Coulter counter,

from 0.14 to >2.5 doubling per day. The
smallest size fraction presented the highest growth rate (>2.5 doublings per day).
The relationship between the total red
fluorescence as estimated with the FCM
and the biovolume revealed that the cells
from the 2 m samples at the beginning of
the experiment were probably nutrient
limited. Important changes in the size of
the cells under nutrient limitation were
also observed. The FCM data suggest
that the FCM is a valuable tool for estimating the relative growth response and
nutritional state of natural phytoplankton populations.
Key terms: Nutritional status, Redfield
ratio, oligotrophic waters

detected by a change in resistivity of the suspending
medium). FCM allows simultaneous measurements of
multiple parameters on individual cells to be carried
out, and, due to the fact that it is possible to detect
fluorescence characteristics of individual particles, the
differentiation between cells and detrital materials.
This ability to resolve phytoplankton from nonphytoplankton particles is the principal advantage of flow
cytometry for oceanographic studies.
In the past, flow cytometry has mainly been used
in laboratory studies (2,12,14,18,19,21-23,25,27,29).
More recently, however, it has been applied to field
experimentation, for the characterization of differential ingestion, digestion, and egestion by suspension

'This work was supported by N.S.F. grant Nos. OCE-8603830 and
ONR N0004-8C-0043 (to C.M.Y.) and by Fisheries and Oceans, Canada (to S.D.)
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feeders (4),
and the description of natural phytoplankton populations (13).
For this study our objectives were 1) to interpret flow
cytometric data in conjunction with conventional
chemical measurements and 2) to evaluate an assay for
assessing the nutrient history of the cell. Measurements taken included the numbers and sizes of cells, in
vivo chlorophyll fluorescence per cell, and in vivo chlorophyll fluorescence measured before and after incubation with added nutrients.

MATERIALS AND METHODS
Three sampling stations, located in the northern
Sargasso Sea (Fig. 1) were occupied for 12 h on three
separate days between June 22 and July 3, 1985. The
water was sampled from a depth of 2 m and the subsurface chlorophyll maximum (determined from vertical profiles of in vivo fluorescence) and stored in Niskin
bottles.
For the particulate organic carbon (POC) and nitrogen (PON) determinations, water was filtered through
precombusted (500°C for 24 h) Whatman GF/F glassfiber filters. The cells retained on the filters were then
frozen, and a t a later date the POC and PON concentrations were measured using a Perkins Elmer 240 Elemental Analyzer. For pigment analysis 250 ml of water was filtered through Whatman GF/F glass fiber
filters with a vacuum pressure of 125 mm Hg. Pigments were then immediately extracted in 85%acetone
for 12 h in the dark a t 5°C from the cells retained on the
filters, and chlorophyll concentrations were determined using a Turner fluorometer, following the
method of Yentsch and Menzel (30). The filtrate was
kept frozen in prewashed (0.5 M HC1) polyethylene bottles for further determination (within 2 months) of inorganic nutrients with a technicon AutoAnalyzer (24).
The nutrient samples were run in random order. Water
samples (25 ml) were collected from each depth for phytoplankton cell identification.

equation was about 2.0 pm as shown in Figure 2. The
equation of the regression curve was
Y

=

4.63

X

X1.08

(1)

where Y represented the volume of the particle (pm3).
The diameter of the particles was obtained by the equation
(2)

where V is the volume of the cell as determined by
equation 1. To estimate the number of cells per unit of
seawater volume analyzed, a known concentration of
fluorescent beads was added to the samples (11). These
measurements were all made as close to the time of
sample collection as possible. All data were collected in
list mode to permit re-evaluation. In this study, we
analyzed only the fluorescent particles.

Nutrient Assays
Water taken from a 2 m depth and the subsurface
chlorophyll maximum was subjected to five different
nutrient regimes (control, without enrichment; complete; complete minus nitrates; complete minus phosphates; and complete minus silicates). The complete
nutrient conditions corresponded to approximately F/
20 medium levels (8).The assays were incubated for 12
h in a deck incubator (5). The light intensity used was
150 pmol mo2spl, chosen to correspond with the saturation light level for both depths on each station (not
shown). It represented about 10%of the light intensity
for the upper 2 m depth samples and 10 times the light
intensity for lower subsurface chlorophyll maximum
samples. Flow cytometric and total chlorophyll concentration measurements were made both before and after
incubation.

RESULTS
Table 1 gives the background data at various stations and the three sampling depths. The chlorophyll
Flow Cytometric Determination
concentration varied between 0.06 to 0.39 pg 1-l. At
The water samples collected were passed through a stations 12 and 14 the 2 m depth samples contained
53 pm screen, and frequency distributions of cell vol- more particles than the subsurface chlorophyll maxiume and in vivo chlorophyll fluorescence were then mum samples (as detected by flow cytometry), whereas
obtained on board ship using a Becton-Dickinson FACS at station 13 the subsurface chlorophyll maximum
Analyzer flow cytometer and a Coulter-type volume samples contained a slightly higher number of partianalyzer. Cells were excited by a mercury arc lamp at cles. The relationship between chlorophyll and the
a wavelength of 436 nm, and chlorophyll a autofluo- number of particles showed two different slopes accordrescence emission greater than 675 nm was detected by ing to the sampling depth. The cells in the subsurface
a photomultiplier (PMT) tube. The fluorescence units chlorophyll maximum samples contained more chlorowere normalized relative to standard fluorescent beads phyll than the cells in the 2 m depth samples (Fig. 3).
(Coulter EPICS Division, Hialeah, FL). An orifice of 75 After an incubation of 12 h under the same light inpm was used during the experiment. The operating tensity, all the samples submitted to different enrichcurrent was set at 1.4 MA, and the gain was set on a ments (see below) presented the same amount of chlologarithmic scale. The cell size measurements were cal- rophyll a per cell (Fig. 3). Furthermore, a major
ibrated in terms of equivalent spherical diameter (esd) difference was observed in the size of the cells from the
based on standard volume polystyrene beads. The sig- different depths. For all stations, the particles were
nal threshold was set on Coulter volume. The lower bigger in the 2 m depth samples than in the subsurface
level of sized detection calculated from the calibration chlorophyll maximum samples. Despite this, the mean
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rus enrichment. The changes in the volume of the cells
are presented in Table 2 and Figure 6.

10000

FCM “Size-Fractionated”Particle Numbers
Division rates estimated from cell number changes
between To and the complete enrichment are presented
in Table 3. We examined growth rates for each size
fraction independently. In all cases, cells < 5 km grew
faster than cells >5 p.m, except at station 13,where the
bigger cells divided more efficiently in the subsurface
chlorophyll maximum.

1000

100

DISCUSSION
Until recently the FCM has been used as a method to
describe phytoplankton communities. We have tried to
10
elevate its use as a tool to quantify the characteristics
of chlorophyll contents, quantum yield, and cell size.
We can now ask “What was the environmental experience or history of the cell?’
1
With the FCM, we used an approach based on nutrient enrichment experiments. However, our results
were valid only for the fraction of cells larger than 2
pm. The light intensities in the incubator were chosen
from the P versus I curves (not shown). The light intensity of 150 pmol mP2s-l corresponded to the satuFIG.2. Size calibration of the flow cytometer. The y-axis represents ration light level for both depths a t each station and to
the real volume of the beads and x-axis the volume obtained by the
the optimum light intensity for each size fraction and
flow cytometer.
depth. However, after the 12 h incubation, the relationship between the number of cells and their chlorophyll
content showed that the cells adapted well to their new
fluorescence (relative units) as detected by the FCM light conditions in the incubator (Fig. 3). A high to low
was higher for the subsurface chlorophyll maximum light transition resulted in an increase of the chlorosamples, but this may have been because the species phyll content of the cells from a 2 m depth. Such prowere not the same. The C:N ratios were higher in the 2 cesses correspond to those reported by Falkowski (6)
m depth samples than in the subsurface chlorophyll when cells were transferred from high to low light inmaximum samples, and the lowest values observed for tensity. The estimated kinetic constant for the chlorothe subsurface chlorophyll maximum depth were phyll synthesis in our results averaged 1.5 x
h-l,
where the nitrate concentration was highest. Figure 4 which corresponds to the values of 2.2 x lop2 h-’ esshows C:N values in relation t o the ambient inorganic timated by Falkowski ( 6 )and 1.4 x lop2h-l estimated
nitrogen. Our results have been superimposed onto re- by Rivkin et al. (16). On the other hand, a low t o high
sults reported by Lancelot and Billen (9) for temperate light transition resulted in a decrease of the chlorophytoplankton communities.
phyll concentration of the cells from the subsurface
chlorophyll maximum. However, as the flow cytometer
Biovolume and Total Red Fluorescence
failed t o detect particles less than 2 pm, these results
The relationship between the total fluorescences as must be interpreted with some caution since some of
estimated by the FCM and the biovolume clustered the chlorophyll-containing particles would not have
into two different slopes (Fig. 5). The higher slope rep- been accounted for.
To characterize the physiological state of the phytoresents samples with complete or complete minus silicate (Si03)enrichments, whereas the lower slope rep- plankton community, the relationship between the toresents samples without enrichment or with complete tal red fluorescence (as estimated by the FCM) and the
minus nitrogen and complete minus phosphorus en- biovolume for the enrichment experiments was plotted
richments. The To for the subsurface chlorophyll max- (Fig. 5). The To for the subsurface chlorophyll maxiimum at stations 12 and 14 showed the same charac- mum sample taken at station 14 represented the same
teristics as samples with complete or complete minus characteristics as samples without nutrient limitation,
silicate enrichments, whereas the To for the 2 m depth whereas the time To for the 2 m sample depths represamples at the three stations and the To for the sub- sented characteristics of nutrient-limited samples.
surface chlorophyll maximum a t station 13 presented This separation between samples submitted to differcharacteristics of samples without enrichment or with ent enrichments suggests that these changes were ascomplete minus nitrogen and complete minus phospho- sociated with the nutrient conditions and not with the

CHANNEL
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Table 1
Characteristics of the Samples Taken at Stations 12, 13, and 14

Station

--

17

13

14

Chl a
(pglliter)

Depth
(m)

Cells
(%Iml)
1789
589
598
656
1375
521

0.25
- ~.

2

50
2
65
2
56

-

0.39
0.06
0.25
0.20
0.26

Mean cell
size
ipm)
7.49
4.69
6.11
4.61
5.82
4.72

Mean
fluo.”Icell
4.05
9.87
3.14
5.87
4.55
8.38

No3 + NO2
(pM 1-’)
0.31
1.50
0.26
0.29
0.49
1.66

CIN
10.34
8.81
14.08
11.66
13.00
7.75

PO4

sio3

(pM 1-l)

(pM 1-l)

0.66
0.71
0.56
0.60
0.60
0.64

1.87
1.39
1.19
0.49
1.02
1.19

“Arbitrary units.
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FIG 3. Relationship between the chlorophyll concentration and the
number of particles as detected by the flow cytometer. The higher
slope represents the To samples from 2 m; the lower slope represents

the To samples from the subchlorophyll maximum (SCM), whereas
the middle one represents samples from different enrichments and
depths after 12 h incubation.

light conditions in the incubator. Similar changes in
the flourescence were observed by Cleveland and Perry
(3) for nitrogen-limited cells. These interpretations are
in accordance with the results based on the carbon:
nitrogen ratios. The cellular chemical ratios, particularly the C:N (Table l),are highly dependent on species
and growth conditions, and the values of these ratios
may serve a s good indicators of relative growth rates.
For example, the C:N ratio can vary as a function of
nitrogen limitation (9), and it can be used as a n infor-

mative index of the nutritional state of natural populations. C:N values in relation to the ambient inorganic
nitrogen show that the 2 m depth samples presented
ratios representative of cells that are nitrogen limited,
whereas samples coming from the subsurface chlorophyll maximum at stations 12 and 14 show ratios near
the theoretical Redfield value of 5.6 (151, which suggests that these algae are not nitrogen limited (Fig. 4).
The division rates estimated from cell number
changes (Table 3) are comparable to cell division esti-
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FIG 4. The relationship between the carbone-to-nitrogen ratio and the dissolved inorganic nitrogen. 0,
Data from Lancelot-Van Beveren (10); M, data from Banse (1);and e, our data. The theoretical Redfield
value (15) has been marked by a dashed line.

Table 2
Growth Rate (Doubling per day) for Fractions of Cells <5 wma
Station
12
13
14

Total
0
SCM
0.54
2.59
0.14
0.15
0.70

<5 bm
0
SCM
2.22
2.64
-

-

0.24

0.82

>5 pm
0
SCM
1.83
1.16
0.24

“Estimated by total cell number increases. In some case
there were decreases in cell number over time, which can
account for the discrepancies between total and fraction
growth rates.

mates available in the literature (7). The cells with the
higher division rate correspond to the cells from the
subsurface chlorophyll maximum samples a t stations
12 and 14. The main advantage of the FCM is that it
makes it possible to examine each size fraction independently. Our conclusion is that the total growth rate
for the entire population is not representative of the
growth values for each separate fraction.
The cell division rate data for fractions of cells <5
pm and cells >5 pm represent the first such assessment for size classes from natural populations where
the population is not manipulated. This is an impor-

Table 3
Mean Size of Cells According to Enrichment, Expressed as
Equivalent Spherical Diameter (wm)
Station
12
13
2m
7.49
6.11
To
5.22
TlZ
9.99
6.22
5.76
Complete
6.88
Minus P
7.36
8.14
6.11
Minus N
7.21
6.16
Minus Si
Subsurface chloroDhv11 maximum
4.61
TO
4.69
5.10
Tiz
9.76
5.33
5.46
Complete
Minus P
6.91
6.83
5.58
8.29
Minus N
Minus Si
5.78
5.33

S.D.

14
5.82
8.55
5.48
8.53
13.45
6.33

Mean
6.47
7.92
5.82
7.59
9.23
6.57

0.89
2.45
0.37
0.85
3.79
0.56

4.72
11.77
4.92
8.60
12.90
5.52

4.67
8.88
5.24
7.41
8.92
5.54

0.06
3.42
0.28
0.98
3.70
0.23

tant advancement from sample manipulation and subpopulation aggregation via size fractionation through
filters and nets.
One of the most curious results is the increase in
mean cell size when phytoplankton cells are nutrientlimited (Table 2). An example of such increases as de-
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FIG.5. The relationship between the total red fluorescence as estimated with the FCM and the biovolume. Triangles represent the 12 h
incubated samples without enrichment; circles, samples with complete enrichment; diamonds, samples with complete minus phosphorus; squares, samples with complete minus nitrogen; and inverse triangles, samples with complete minus silicate. Open characters are for
the samples coming from 2 m and closed characters are for the sub-

surface chlorophyll maximum samples. All of the enrichment samples
have been pooled on the same graph. The higher slope regroups all the
samples without nutrient limitation, whereas the lower one regroups
samples with nutrient limitation. The Tofor the different stations and
depths are indicated by
for the 2 m samples and by x for the
subsurface chlorophyll maximum samples.

tected by the FCM are presented in Figure 6. Changes
in cell size have already been observed by Turpin and
Harrison (26) by varying the frequency of addition of
limiting nutrients to cell samples. According to
Smayda (20) a general increase in sinking rate accompanies increasing cell size in laboratory experiments.
In nature, this may result in a transfer of cells from the
surface to the subsurface chlorophyll maximum. Although Smayda stated that shape is more important
than size, Vogel (28) found that the variation in
Smayda’s original diatom data (20) was easily attributable to the size variation rather than to the shape
variation. This suggests that near-surface samples
should have larger cells than those located near the
nutricline, and, indeed, this is what we observed. For
all three stations, cells from the surface had a mean
size of 6.80 pm (s.d. = 5.34) compared with 3.3 p.m
(S.D. = 0.19) for the cells located near the nutricline.
In the 2 m depth example the mean cell size at T12was
approximately 1.2 to 1.7 times the intial value at To.In

the subsurface chlorophyll maximum example the
mean cell size a t T12 was approximately three times
the value at To.
What have we gained by this approach? First, using
the FCM, we were able to measure volume frequency
distribution histograms of chlorophyll-containing cells,
which is an advantage over the Coulter counts. Second,
we calculated division rates of cells held in incubation
containers, and the results were consistent with data
available in the literature. Third, the biovolume versus
the total red fluorescence relationships suggest that
the FCM can be used as a tool to study the physiological responses of phytoplankton. Moreover, the intensity of the chlorophyll fluorescence allows us to determine quickly the direction and the quantification of the
adaptability processes of the cells, with statistical rigor
because of the number of observations.
In conclusion, it is clear that at the stations sampled,
the chlorophyll distributions have poor correspondence
with the phytoplankton biomass. Thus only the direct
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STATION 14
Complete minus Nitrogen
12 h Later

3
CELL VOLUME (ARBITRARY UNITS 1
FIG.6. Example of size changes after 12 h of incubation. Left: Size
distribution of the particles a t the beginning of the experiment done
at station 14 with the subsurface chlorophyll maximum sample.
Right: Results 12 h later for the complete minus nitrogen enrichment. The x-axis represents 3 decade log scale of equivalent spherical

diameter. Standard-sized calibration beads have been added to tie
down specific locations of many diameters (esd). Instrument settings
did not change over the time course of the experiments. Note large
shift in population.

measurement of autofluorescent cell number, cell volume, and chlorophyll per cell can give reliable information about phytoplankton cells. The good concordance between parameters normally used to
characterize the phytoplankton and the FCM data that
we obtained suggests that the utilization of FCM is a
valuable tool for estimating the relative growth and
environmental experience of natural populations.
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